Cover legend: Area-specific expression pattern of the transcriptional regulator Lmo4 in the developing mouse cortex. Area-patterning genes that are expressed during mitotic stages of cortical development generally have graded expression across cortical areas. In contrast, Lmo4 is expressed in postmitotic neurons, and exhibits area-specific expression that sharply delineates cortical regions. Lmo4 expression is highest along the midline, corresponding to cingulate, rostral motor, and retrosplenial cortex. Lmo4 expression is weaker in regions that flank the midline, and is absent in the most lateral regions. The mammalian neocortex is parcellated into anatomically and functionally distinct areas. The establishment of area-specific neuronal diversity and circuit connectivity enables distinct neocortical regions to control diverse and specialized functional outputs, yet underlying molecular controls remain largely unknown. Here, we identify a central role for the transcriptional regulator Lim-only 4 (Lmo4) in establishing the diversity of neuronal subtypes within rostral mouse motor cortex, where projection neurons have particularly diverse and multi-projection connectivity compared with caudal motor cortex. In rostral motor cortex, we report that both subcerebral projection neurons (SCPN), which send projections away from the cerebrum, and callosal projection neurons (CPN), which send projections to contralateral cortex, express Lmo4, whereas more caudal SCPN and CPN do not. Lmo4-expressing SCPN and CPN populations are comprised of multiple hodologically distinct subtypes. SCPN in rostral layer Va project largely to brainstem, whereas SCPN in layer Vb project largely to spinal cord, and a subset of both rostral SCPN and CPN sends second ipsilateral caudal (backward) projections in addition to primary projections. Without Lmo4 function, the molecular identity of neurons in rostral motor cortex is disrupted and more homogenous, rostral layer Va SCPN aberrantly project to the spinal cord, and many dual-projection SCPN and CPN fail to send a second backward projection. These molecular and hodological disruptions result in greater overall homogeneity of motor cortex output. Together, these results identify Lmo4 as a central developmental control over the diversity of motor cortex projection neuron subpopulations, establishing their area-specific identity and specialized connectivity.
Introduction
Specialized neocortical areas that process motor output and sensory input rely on diverse projection neuron subtypes that are organized both radially into distinct cortical layers and tangentially in topographic patterns (Sur and Rubenstein, 2005; Rash and Grove, 2006) . For example, subcerebral projection neurons (SCPN), which reside in layer V and send axons caudal from the cerebrum, and callosal projection neurons (CPN), which reside mostly in layers II/III and V and send axons to the contralateral hemisphere, acquire laminar and shared connectivity features via the influence of transcription factors broadly expressed within each class Molyneaux et al., 2005 Molyneaux et al., , 2007 Molyneaux et al., , 2009 Alcamo et al., 2008; Britanova et al., 2008; Lai et al., 2008) . In parallel, spatially restricted controls tangentially parcellate these broad classes into functionally specialized subpopulations through a process of arealization (Weimann et al., 1999; Joshi et al., 2008; Tomassy et al., 2010) . This interplay ensures that projection neurons acquire unique connectivity appropriate for their area-specific functions (Stanfield et al., 1982; Stanfield, 1986, 1989; . Although molecular controls that specify broad subtype identity have recently begun to be characterized (Molyneaux et al., 2007; MacDonald et al., 2013) , much less is known about area-specific controls over specialized subtype identity (Molnar and Cheung, 2006; Rash and Grove, 2006) .
The motor cortex contains many anatomically specialized and regionally restricted neuronal subtypes. Motor cortex SCPN in rostromedial and superficial layer V (layer Va) are largely corticobrainstem motor neurons (CBMN), which send axons to motorrelated brainstem targets (Hevner et al., 2003; Brecht et al., 2004b) , whereas those that occupy caudolateral or deep layer V (layer Vb) are largely corticospinal motor neurons (CSMN), which send axons to the spinal cord (Wise et al., 1979; Hevner et al., 2003; Molyneaux et al., 2007) . Moreover, many rostral motor cortex CPN send a second backward projection (CPN/BPN), whereas their caudal counterparts primarily only send a single contralateral projection (Mitchell and Macklis, 2005) . These intracortical backward projecting neurons (BPN) originate from the motor cortex, and target neurons in somatosensory and perirhinal cortices (Miyashita et al., 1994; Veinante and Deschênes, 2003; Mao et al., 2011) . Here, for simplicity, we designate BPN specifically as neurons that send ipsilateral projections from motor to somatosensory cortex. Each of these subpopulations contributes to specific motor circuits and integrative motor and cognitive behaviors (Brecht et al., 2004a; Maggiolini et al., 2007 Maggiolini et al., , 2008 Mao et al., 2011) , yet the underlying developmental controls are unknown.
In theory, candidate molecules might be expected to exhibit sharp regional boundaries of expression. For example, Bhlhb5 expression sharply delineates the caudal motor and somatosensory cortices, and regulates the acquisition of area-specific connectivity . Similarly, the LIM-HD related transcriptional regulator Lmo4 sharply delineates frontal motor regions (Bulchand et al., 2003; Sun et al., 2005; Cholfin and Rubenstein, 2007, 2008) , and exhibits neuronal subtype-specific expression Azim et al., 2009) .
Given its roles in regulating subtype identity Azim et al., 2009; Joshi et al., 2009 ) and connectivity (Kashani et al., 2006; Huang et al., 2009) , we hypothesized that Lmo4 might regulate aspects of rostral motor cortex projection neuron development. We find that Lmo4 is expressed by defined neuronal subpopulations within the motor cortex, in which it helps establish appropriate diversity and specificity of SCPN and CPN identities and connectivities. This work identifies Lmo4 as a critical developmental control over neocortical motor circuits.
Materials and Methods
Animals. Immunocytochemical and anatomical characterizations of Lmo4 expression and projection neuron distributions were performed using C57BL/6 mice (Charles River Laboratories). Lmo4
LacZ and Lmo4 flox mice were generously provided by Dr. Lin Gan (University of Rochester, Rochester NY) (Deng et al., 2009) . Whole-mount ␤-galactosidase detections of Lmo4 expression were performed using Lmo4
LacZ/ϩ knock-in mice (Deng et al., 2009 Cre/ϩ Lmo4 flox/flox conditional knock-out mice (Lmo4-cKO).
Emx1
cre/ϩ Lmo4 ϩ/ϩ and Emx1 ϩ/ϩ Lmo4 flox/flox mice were phenotypically indistinguishable from each other, and were used as controls (WT). Analyses of Lmo4-cKO and WT mice were performed on a mixed C57BL/6 and S129S6 background. Comparisons were performed on littermates of equal mixed strain background. All animal studies were approved by the Massachusetts General Hospital Institutional Animal Care and Use Committee, and performed in accordance with institutional guidelines.
␤-Galactosidase whole-mount staining. Brains were perfused with 4% paraformaldehyde (PFA) and postfixed for 2 h at 4°C. Brains were rinsed 3 times with PBS, then incubated at 37°C for 24 -36 h with 0.1% X-Gal, 2 mM MgCl 2 , 5 mM potassium ferricyanide, 5 mM potassium ferrocyanide, and 0.2% NP40 in PBS. Brains were postfixed overnight to stop the color reaction.
Immunocytochemistry and antibodies. Immunocytochemistry was performed as previously described . Postnatal pups were transcardially perfused with PBS, then with 4% PFA, dissected, and postfixed in 4% PFA overnight. Brains were sectioned at 50 m on a vibrating microtome (Leica). Floating sections were blocked with 4% goat or donkey serum, 0.3% BSA, 0.3% Triton X-100 (Sigma), and 0.025% sodium azide in PBS for 30 min. Primary antibodies were diluted in appropriate blocking solution, and incubated with sections overnight. The following day, sections were rinsed 3 times with PBS and incubated with appropriate secondary antibodies diluted in blocking solution for 3 h at room temperature. Sections were again rinsed 3 times with PBS and mounted using Fluoromount (Southern Biotechnology) for image acquisition.
Antibody dilutions were as follows: goat ␣-Lmo4 (1:200, Santa Cruz Biotechnology); goat ␣-Bhlhb5 (1:300, Santa Cruz Biotechnology); goat ␣-Lhx2 (1:200, Santa Cruz Biotechnology); rabbit ␣-Cux1 (1:200, Santa Cruz Biotechnology). Appropriate secondary antibodies from the Invitrogen Alexa Series were used (1:500, Invitrogen).
In situ hybridization. Nonradioactive in situ hybridization was performed on 30-m-thick sections. Brains were perfused and stored in 4% PFA for at least 3 d. Before sectioning, brains were equilibrated in 30% sucrose and 4% PFA in PBS. Brains were embedded in Optimum Cutting Temperature Formulation (Tissue-Tek), frozen, cut at 30 m thickness on a CM3050 cryostat (Leica), and wet-mounted onto microscope slides. Sections were dried for 2 h at room temperature, fixed in 4% PFA for 15 min, and then rinsed 3 times in RNase-free PBS. The slides were hybridized overnight at 62°C to 70°C with DIG-labeled RNA probes in 50% Formamide (Sigma), 5ϫ SSC (Promega), and 1% SDS (Sigma). The following day, slides were given three 45 min washes in 50% Formamide, 2ϫ SSC, and 1% SDS at hybridization temperature. Slides were then rinsed 1 time in 2ϫ SSC, and 1 time in 0.2ϫ SSC for 20 min each, and incubated with an ␣-DIG-AP Fab fragment antibody (Roche) for 2-4 h at room temperature or overnight at 4°C. To develop the color, slides were first rinsed 4 times in 25 mM Tris HCl pH 7.5, 0.02% KCl, 0.8% NaCl, 0.5% Tween 20. The color reaction was performed at room temperature in 100 mM NaCl, 100 mM Tris HCl, pH 9.5, 50 mM MgCl 2 , 1% Tween 20, and NBT/BCIP (Roche). Reactions were closely monitored, and stopped with 4% formalin, and then 10 mM Tris-EDTA when background staining first became apparent. Primer sequences are as follows: Ror␤: F, 5Ј-GGAGATGCCACTCATCAGC-3Ј; R, 5Ј-CACGTCCTGGTT GGAGTACC-3Ј. Kitl: F, 5Ј-TGCATGGAAGAAAACGCAC-3Ј; R, 5Ј-GC TTACATTTAGGCTGCTC-3Ј.Lhx2:F,5Ј-GATCTCGCCTGGAAACAG AG-3Ј; R, 5Ј-AAACAAGAAAGCGACCGTTG-3Ј. Igfbp4: F, 5Ј-GACGAA GCCATCCACTGC-3Ј; R, 5Ј-CTGGTGGCAGTCCAGCTC-3Ј. Igfbp5: F, 5Ј-GACCTAACCAGGACCTATTCTCC-3Ј; R, 5Ј-GACGAGACCTCT TTCCCTTCTAC-3Ј. Lmo3 and Clim1 probes were generated using primers, as previously described (Bach et al., 1997; Bulchand et al., 2003) .
Retrograde anatomical tracing. Procedures for retrograde labeling of CSMN and SCPN , and CPN and BPN (Mitchell and Macklis, 2005) were previously described. Briefly, for retrograde labeling of CSMN, corticospinal tracts (CST) of deeply anesthetized postnatal day 2 (P2) pups were visualized using a Vevo 770 ultrasound backscatter microscopy system (Visual Sonics) at cervical vertebral level 1 (C1) to C2. Six 23 nl injections of cholera toxin subunit-B 647 (CTB647, 2 g/l) were deposited bilaterally into the CST using a Drummond Nanoject II. Mice were killed 5 or 7 d after injection. For retrograde labeling of CBMN, descending subcerebral projection tracts of deeply anesthetized P3 pups were visualized using a Vevo 770 ultrasound backscatter microscopy system (Visual Sonics) at the midbrain-hindbrain junction. Five 46 nl injections of CTB555 (2 g/l) were deposited bilaterally into the tracts. Mice were killed 4 or 6 d after injection (see Figs. 3 and 4 for schematics).
Dual retrograde labeling of CPN and BPN was performed with CTB555 and CTB647 (2 g/l), respectively. P7 pups were deeply anesthetized and secured in a neonatal-adapted Cunningham stereotaxic frame (Stoelting). For each injection site, five 4.6 nl injections were made at 250 m depth, two 4.6 nl injections were made at 200 m depth, one 4.6 nl injection was made at 150 m depth, and two 4.6 nl injections were made at 100 m depth. For CPN labeling, a 5 ϫ 2 grid (ϳ3.5 mm ϫ 0.5 mm) was defined along the midline. Five evenly spaced injections were made directly adjacent to the midline in the right hemisphere. The most caudal injection site was 1 mm caudal to bregma, and the most rostral injection-site was ϳ1 mm caudal to the olfactory bulbs. A second column of injections was made 0.5 mm lateral to the first column. For BPN labeling, a 3 ϫ 4 grid was defined above the presumptive left somatosensory and visual cortices. We injected broadly over the caudal cortex to ensure ample labeling of BPN that target somatosensory regions. To our knowledge, BPN are not known to connect motor to visual areas. Our labeling approach does not identify BPN that project from the motor to perirhinal cortex. Thus, we use BPN to specifically refer to neurons with an ipsilateral motor to somatosensory projection. The most caudomedial injection site was directly adjacent to lambda. The most rostrolateral injection site was 1.5 mm rostral to lambda and 2.5 mm lateral to the midline. All other injections were evenly spaced to complete the 3 ϫ 4 grid. Mice were perfused 2 d after injection (see Figs. 5 and 6 for schematics).
To quantify retrograde labeling experiments, we took advantage of the highly stereotyped size of cortical regions and layers across mice, using Adobe Photoshop to generate grids that define regions of interest (ROIs) for each tracing paradigm. Because cortical and laminar thickness is unaffected in Lmo4-cKO animals (data not shown), the same grids were used between genotypes. The corpus callosum and anterior commissure were used as landmarks to accurately match the rostrocaudal level of analyzed sections.
ROIs were defined as follows. CSMN and SCPN ROI (see Fig. 4E ): to restrict quantification to within the MC r , the lateral boundary of the ROI was placed 800 m lateral to the midline, significantly more medial than the MC c /MC r boundary. The division between layer Va and layer Vb was designated as 640 m below the pia, and was anatomically defined as the dorsal-ventral boundary in layer V that separates CSMN-dense and CSMN-sparse sublaminae. ROIs in layer Va and layer Vb were 160 m ϫ 320 m. Total CPN and BPN ROI (see Fig. 6A-D) : ROIs outlined nearly the entire dorsal and medial subdivisions of the MC r . The ends of the long axes of grids were placed at the apex of the corpus callosum and the apex of the pia (see Fig. 6 A, B) . CPN/BPN ROI (see For quantifications depicted in figure histograms, WT and Lmo4-cKO values are represented as fractions of WT values, such that WT is 1. For CSMN, SCPN (see Fig. 4E ), total BPN (see Fig. 6C ), and total CPN (see Fig. 6D ), values were obtained by counting the total number of labeled neurons within each ROI. For CPN/BPN (see Fig. 6F ) and SCPN/BPN (see Fig. 6H ), values were obtained by dividing the number of double-labeled neurons by total CPN or total SCPN, respectively, within each ROI.
Results

Lmo4 expression delineates the rostral motor cortex
We used heterozygous mice that express ␤-galactosidase (␤gal) under the control of the Lmo4 promoter (Lmo4 LacZ/ϩ ) to characterize Lmo4 area-specific expression during cortical development (Deng et al., 2009) . Low levels of Lmo4 expression have been detected in the developing forebrain as early as embryonic day 11.5 (E11.5) (Asprer et al., 2011) . We began our whole-mount expression analysis at E12.5, when Lmo4 is expressed in the neocortical preplate, and the earliest wave of postmitotic neurons is being generated (Huang et al., 2009) . At this age, Lmo4 expression is weak and localized in the presumptive sensory-motor area (Fig.  1A) . By E15.5, during mid corticogenesis, Lmo4 is expressed along the cortical midline, with graded expression toward lateral regions (Fig. 1B) . By E17.5, as the last wave of cortical neurons is generated, Lmo4 expression transitioned from a graded pattern to sharply defined expression in a subregion of the presumptive motor area in the rostral neocortex (Fig. 1C, arrowhead) . It also sharply delineates the more caudal presumptive visual area, albeit with lower level expression (Fig. 1C, arrow) . This expression pattern is maintained through P0, with expression intensity increasing slightly in the motor region (Fig. 1D , arrowhead) (Cholfin and Rubenstein, 2007, 2008) . By P4, the areal specificity of Lmo4 expression becomes more sharply defined; it is excluded from the presumptive sensorimotor cortex (Fig. 1E, S1 ), and sharply delineates medial subsections of the presumptive motor and visual areas (Fig. 1E, M1 and V1). By P7, Lmo4 acquires uniform and strong expression throughout the entire rostromedial portion of the motor cortex ( Fig. 1F, M1 ), intermediate level expression in the primary visual area (Fig. 1F,  V1 ), high expression medial to the primary visual area, and remains absent from the primary somatosensory area (Fig. 1F, S1 ).
Notably, as Lmo4 expression is refined postnatally in the motor cortex, a strikingly complimentary Bhlhb5 expression pattern emerges; Bhlhb5 is excluded from the rostral motor cortex (MC r ) but highly expressed in the caudal motor cortex (MC c ), where it controls area-specific neuronal subtype development . We performed immunocytochemistry on coronal sections to more precisely localize Lmo4 and Bhlhb5 cortical expression. It is possible to visualize both the MC c and the MC r in the same coronal plane because the boundary between them is obliquely oriented in a caudomedial to rostrolateral direction . Because antibodies to Bhlhb5 and Lmo4 were raised in the same animal, we overlaid serial sections. This analysis indicates that medial Lmo4 expression sharply abuts lateral Bhlhb5 expression in the motor cortex (Fig. 1G , arrowhead and dashed line). Thus, Lmo4 expression marks the MC r , which contains regions controlling facial, neck, and forelimb movement, and Lmo4 is excluded from the MC c , which contains regions controlling trunk and hindlimb movement.
We next characterized Lmo4 cell typespecific expression during cortical development using immunocytochemistry. Lmo4 has been reported to be present in Neurogenin 2 (Ngn2)-expressing mitotic progenitors at E11.5 and E14.5 (Asprer et al., 2011) . During late corticogenesis at E17.5, our analysis indicates that Lmo4 is expressed in the developing cortical plate (CP) ( ϩ cells do not express the mitotic protein Ki67 ϩ in the SVZ or ventricular zone (VZ) at E17.5 ( Fig. 1 I , J, arrowheads), agreeing with previous results (Azim et al., 2009) . Therefore, at least during later stages of cortical development, Lmo4 expression is restricted to postmitotic populations. Lmo4 expression is not detected in Gad67 ϩ inhibitory interneurons (Fig. 1K , open arrowheads), Olig2 ϩ oligodendrocytes (Fig. 1L , open arrowheads), or GFAP ϩ astrocytes (Fig. 1M , open arrowheads), indicating that Lmo4 expression is restricted to pallium-derived excitatory cortical projection neurons.
The establishment of the rostral motor cortex boundary does not require Lmo4 function
Given the restricted areal and subtype-specific expression of Lmo4, we hypothesized that: (1) Lmo4 might establish the position of the boundary between the MC r and MC c , and/or (2) Lmo4 might regulate aspects of neuronal subtype identity within the MC r . To test these hypotheses, we used a conditional loss-offunction approach. Because Lmo4
LacZ/LacZ mutant mice die during mid-embryonic development from failed neural tube closure (Hahm et al., 2004; Tse et al., 2004; To assess whether Lmo4 function is necessary to establish the boundary between the MC r and MC c , we performed immunocytochemistry and in situ hybridization for genes that are specifically expressed in the MC c and somatosensory areas, but excluded from the MC r . We performed this analysis at P7, when areal boundaries are well established. If Lmo4 regulates the position of this boundary, then the expression of these genes would be predicted to change.
We first examined Bhlhb5 in the Lmo4-cKO cortex. Bhlhb5 expression is sharply excluded from the MC r (Figs. 1G, 2A) . In Lmo4-cKO brains, the medial boundary of Bhlhb5 expression is maintained ( Fig. 2A, arrowheads) , strongly suggesting that Lmo4 is not required to maintain the molecular boundary between the MC r and MC c . We next examined genes known to be expressed in the somatosensory cortex, but not in motor cortex. Cux1 expression is high in the somatosensory cortex, but is sharply excluded from frontal cortical regions, where Lmo4 expression is high (Ferrere et al., 2006) . Cux1 maintains this sharp boundary in layers IV and II/III in Lmo4-cKO cortices (Fig.  2B, arrowheads) . Lmo3, a Lim-only transcriptional regulator expressed in somatosensory cortical regions (Cholfin and Rubenstein, 2007, 2008) , maintains normal expression in Lmo4-cKO mice (Fig. 2C, arrowheads) . Similarly, expression of the orphan nuclear receptor Ror␤, which is normally expressed in layer IV of the somatosensory area (Nakagawa and O'Leary, 2003) , is unaffected in the Lmo4-cKO cortex (Fig. 2D, arrowheads) . Finally, superficial layer Kitl expression is excluded from the medial cortex (Cholfin and Rubenstein, 2007, 2008) , and this sharp boundary is maintained with loss of Lmo4 function (Fig. 2E, arrowheads) . Together, these analyses indicate that cardinal features of gene expression of the MC c and somatosensory regions are unchanged in Lmo4-cKO mice. Thus, Lmo4 is not required to establish or maintain the molecular MC r /MC c boundary.
Lmo4 regulates molecular identities within the rostral motor cortex
To test the alternative hypothesis that Lmo4 regulates aspects of subtype identity within the MC r , we used in situ hybridization and immunocytochemistry to analyze the expression of genes that are expressed within the MC r . We examined genes with either uniform expression throughout the MC r or with differential expression between its dorsal and medial subdivisions.
Lhx2 is a LIM-HD transcription factor that is critical for the organization of the dorsal telencephalon and cerebral cortex (Bulchand et al., 2001; Monuki et al., 2001; Mangale et al., 2008; Chou et al., 2009) . At P7, Lhx2 protein exhibits a lateral-high to medial-low expression pattern in layers II/III. It is expressed at high levels in WT dorsal MC r (Fig. 2F, dashed line) , at lower levels in WT medial MC r (Fig. 2F, solid arrowhead) , and is absent from the most ventral part of WT medial MC r (Fig. 2F , open arrowhead). Lhx2 expression is also high more laterally in the MC c . In contrast to WT cortex, in Lmo4-cKO cortex, Lhx2 protein is expressed highly throughout the medial and ventral MC r (Fig. 2F , open and solid arrowheads). In the dorsal subdivision, Lhx2 protein is normally confined to layers II/III, with only minor expression in the most superficial portion of layer V. In Lmo4-cKO cortex, many cells in layer V ectopically express Lhx2 (Fig. 2F , dashed lines and insets). Thus, in the absence of Lmo4 function, Lhx2 is highly expressed throughout the entire MC r , and it fails to acquire its normal graded expression pattern in layers II/III. Lhx2 expression is not perturbed laterally, in the MC c, of Lmo4-cKO mice. Interestingly, Lhx2 mRNA expression is equivalent in the dorsal and medial subdivisions of WT and Lmo4-cKO MC r (Fig.  2G, arrowheads and dashed line) . This distinction between Lhx2 mRNA and Lhx2 protein in WT but not in Lmo4-cKO motor cortex suggests that Lmo4 imparts posttranscriptional regulation on the translation or stability of Lhx2 protein.
Igfbp4 regulates both Wnt and IGF signaling pathways (Ning et al., 2008; Zhu et al., 2008) , and is expressed in the dorsal, but not medial, subdivision of the MC r in layers V and II/III (Tomassy et al., 2010) . Igfbp4 is expressed by both CSMN and CPN . In the Lmo4-cKO cortex, Igfbp4 is ectopically expressed in the medial subdivision of both layers V (Fig.  2H, arrows) and II/III (Fig. 2H, arrowheads) . Moreover, because Igfbp4 expression invades medial territories but not the more lateral MC c , these data further indicate that Lmo4 is not required to establish or maintain the MC r /MC c boundary.
We next examined the expression of Igfbp5 and Clim1, which are normally present throughout the entire extent of layers II/III of the MC r (Fig. 2 I, J ) . In the Lmo4-cKO cortex, expression of Igfbp5, a gene that modulates IGF signaling (Pera et al., 2001; Salih et al., 2004) , is essentially absent from layers II/III in the MC r (Fig. 2I, arrowheads) . As expected, Igfbp5 expression is unchanged in the more lateral MC c , where Lmo4 is not normally expressed. Clim1, a transcriptional cofactor of LIM-domain containing proteins that can form a protein complex with Lmo4 (Kashani et al., 2006) , shows significantly reduced expression in layers II/III of the dorsal, but not medial, subdivision of the MC r (Fig. 2J, arrowheads) .
These data reveal both ectopic and reduced molecular expression in the MC r in the absence of Lmo4 function. Together, our findings indicate that Lmo4 regulates the acquisition of appropriate molecular identities specifically within the MC r .
Lmo4 establishes the diversity of subcerebral projection neuron subtypes in layer V of the rostral motor cortex Abnormal molecular expression in the MC r in the absence of Lmo4 function suggests that projection neuron identity and connectivity in MC r might be disrupted. Therefore, we investigated what types of projection neurons in the MC r express Lmo4. We first focused on SCPN subtypes; SCPN in the MC r include CSMN and CBMN, all of which project caudal from the cerebrum. Overlay of whole-mount Lmo4 expression and retrogradely labeled CSMN, via injection of cholera toxin subunit-B (CTB) into the cervical spinal cord, reveals that most CSMN are excluded from the MC r ( Fig. 3A, arrowheads ; left panel reproduced from Fig. 1 ). In contrast, retrograde labeling of all SCPN by injection into the pyramidal tract at the level of cerebral peduncles, reveals that SCPN are evenly distributed across the entire cortex (Fig. 3B) , and thus, many SCPN that project to the brainstem, but not to the spinal cord, are located in medial cortical areas coincident with high levels of Lmo4 expression.
Because CSMN are sparse in the most medial portion of the motor cortex (Fig. 3A) , we investigated whether the Lmo4/ Bhlhb5 molecular boundary between MC r and MC c delineates the boundary between CSMN-abundant and CSMN-sparse regions of motor cortex. We first developed a labeling approach to distinguish CSMN from CBMN. We define CBMN as any cortico-brainstem projecting neuron residing in the motor cortex (Molyneaux et al., 2007) . By injecting CTB647 into the cervical spinal cord at P2, we labeled CSMN at early stages of spinal cord innervation (Fig. 3C, purple) . We then injected CTB555 at P3 at the level of the cerebral peduncles, near the midbrain/hindbrain junction, to label the broader class of SCPN (Fig. 3C, red) , including CSMN and CBMN. Using ultrasound guidance, we preferentially injected the pyramidal tract, although dye was also likely deposited into neighboring brainstem regions. This approach labels CSMN with both CTB647 and CTB555, whereas brainstem-projecting neurons are labeled only by CTB555.
These analyses indicate that the anatomical composition of SCPN populations changes precisely at the Lmo4/Bhlhb5 boundary (Fig. 3D ,E, white dashed line). Medial to this boundary, in the MC r , CSMN (purple) are rarely found in layer Va (Fig. 3D-F , Va, above yellow dashed line), while they are common in layer Vb (Fig. 3D-F , Vb, below yellow dashed line). Lateral to the boundary, in the MC c , CSMN populate both layer Va and Vb (Fig. 3D,E (Fig. 3F , cells colabeled purple and red, G, arrows) or the abundant CSMN in layer Vb (Fig. 3F , cells colabeled purple and red, H, arrows). However, Lmo4 is highly expressed by CBMN in layer Va of MC r (Fig. 3F, yellow  cells in merged panel, G, arrowheads) . Interestingly, Lmo4 expression is largely excluded from CBMN in layer Vb of MC r (Fig. 3H, open arrowhead, red only) .
Given that Lmo4 is selectively expressed by layer Va CBMN, but not by CSMN, and that Lmo4 acquires its sharp expression boundary in the medial motor cortex between E15.5 and P0 (Fig. 1B-D) , at the same time that axons of SCPN in this area are beginning to reach their brainstem or spinal cord targets, we hypothesized that Lmo4 might control the developmental bifurcation between CBMN and CSMN in the MC r . Retrograde labeling of CSMN via CTB injection into the cervical spinal cord of Lmo4-cKO mice (Fig. 4A ) reveals that, in the absence of Lmo4 function, many neurons in layer Va of MC r , which normally lacks CSMN, inappropriately project to the spinal cord (Fig. 4B, arrowheads) . Retrograde labeling of the broad SCPN class, including CBMN (Lmo4 ϩ ) and CSMN (Lmo4 Ϫ ), via injection of CTB into the pyramidal tracts at the level of the cerebral peduncles (Fig. 4C) , reveals that the overall number of SCPN in layers Va and Vb of the MC r is unchanged in the absence of Lmo4 function (Fig. 4D) ; however, strikingly more of these neurons project to the spinal cord.
Quantitative analyses of CSMN and SCPN densities in layer Va support these observations. In layer Va of Lmo4-cKO mice, there is a 2.2-fold increase in the number of neurons sending a projection to the spinal cord ( p Ͻ 0.005), although the overall density of SCPN in layer Va is unchanged (Fig. 4E) . Because the number of layer Va SCPN is unchanged in Lmo4-cKO mice, it is unlikely that the aberrant spinal cord projecting neurons result from overproduction of CSMN in layer Va or from fateconversion of any non-SCPN subpopulation. The numbers of CSMN and SCPN in layer Vb are both unchanged (Fig. 4E) . Together, these data reveal that, in the absence of Lmo4 function, neurons in layer Va of the MC r that would have normally projected to the brainstem aberrantly project to the spinal cord, similar to SCPN near them in layer Vb (Fig. 4F ) . Thus, in addition to the disrupted molecular identity of SCPN, the connectivity of SCPN in MC r becomes more homogenous in the absence of Lmo4 function.
Lmo4 establishes diversity of dual-projecting neuron subtypes in rostral motor cortex
Because Lmo4 is also expressed outside of layer V in the MC r , we investigated whether Lmo4 functions similarly in establishing neuronal diversity of intracortical projection neuron classes.
Dual retrograde labeling of CPN and BPN, via injection of CTB555 into the medial contralateral cortex and CTB647 into the ipsilateral somatosensory cortex labels dual-projecting CPN/ BPN (Fig. 5A) . Although there is developmental exuberance of dual-projecting neurons, many CPN/BPN maintain simultaneous contralateral and ipsilateral projections into adulthood in both rodent and primate cortex (Schwartz and Goldman-Rakic, 1982; Mitchell and Macklis, 2005) .
The overwhelming majority of labeled BPN reside within the Lmo4 ϩ area of motor cortex, but not in more lateral regions (Fig.  5B , left of dashed line), confirming previous findings of BPN predominance in medial frontal cortex (Mitchell and Macklis, 2005; Mao et al., 2011) . As previously described (Mitchell and Macklis, 2005) , this dual CPN/BPN labeling indicates that many CPN in this area also send a dual backward projection (Fig. 5C,  arrowheads) . These analyses also identify many "pure" CPN (Fig.  5D , arrows) and "pure" BPN (Fig. 5D, empty arrowheads) , though the possibility exists that some of these are dualprojecting neurons that were not labeled by the second injection. In the MC r , essentially all labeled pure CPN, pure BPN, and CPN/BPN express Lmo4 (Fig. 5C,D) .
In addition, a small population of dual-projecting neurons that send both subcerebral projections and ipsilateral backward projections from motor to sensory cortex has been reported in rat (Veinante and Deschênes, 2003) . To first determine whether similar neurons exist in mice, we performed dual retrograde labeling from the cerebral peduncles at P2 with CTB555, and from the ipsilateral presumptive somatosensory areas with CTB647 at P7 (Fig. 5E ). This approach labels both SCPN and BPN in layer V (Fig. 5F,V) , and a small subpopulation of Lmo4 ϩ SCPN that send dual backward projections (Fig. 5G, arrowheads) . These data indicate that Lmo4 is expressed by multiple dual backward projecting neuronal subtypes that reside in the MC r and that send projections terminating in somatosensory areas.
Because CPN/BPN and SCPN/BPN are largely restricted to the MC r , the dual backward projections appear to be an areaspecific feature. To determine whether Lmo4 regulates the development of such BPN features in general, we performed retrograde labeling of BPN in Lmo4-cKO mice (Fig. 6A, inset) . In striking contrast to MC r in WT mice (Fig. 6A, WT) , there is a dramatic decrease in the overall number of neurons sending a backward projection to the somatosensory area in both deep and superficial layers of the MC r in Lmo4-cKO mice (Fig. 6A, Lmo4-cKO) . There is no apparent difference in the overall number of labeled CPN (Fig. 6B) or SCPN (Fig. 4 D, E) between WT and Lmo4-cKO mice. Analyzing the MC r by subdivision, the reduction in BPN is most apparent in the dorsal subdivision (Fig. 6A , Area D), roughly corresponding to the facial or vibrissal regions of the motor cortex (Brecht et al., 2004b) , but not in the medial subdivision (Fig. 6A, Area M) , roughly corresponding to the cingulate cortex. There is no apparent difference in the overall number of labeled CPN in either the medial or dorsal subdivision of the MC r (Fig. 6B, "D" and "M") .
To more deeply investigate these findings, we performed quantitative analysis of CPN and BPN densities. This reveals a 30% decrease in the density of labeled BPN in the Lmo4-cKO MC r (Fig. 6C , Total) ( p Ͻ 0.05). Subdividing the MC r , there is a 46% reduction in the density of BPN in the dorsal subdivision (Fig. 6C , "D") ( p Ͻ 0.01), but no significant reduction in the medial subdivision (Fig. 6C,  "M" ). There are no significant differences in the density of labeled CPN in either MC r subdivision, or throughout the entire MC r (Fig. 6D) .
Because the numbers of BPN are selectively reduced in MC r (Fig. 6 A, C) , although the overall numbers of CPN (Fig.  6B, D) and SCPN (Fig. 4) are unaffected, our data suggest that many CPN and SCPN fail to acquire appropriate MC rspecific dual-projection features in the absence of Lmo4 function. Consequently, it might be expected that the density of dual-projecting CPN/BPN and SCPN/ BPN might be reduced in the absence of Lmo4 function. To test this hypothesis, we quantified the fraction of CPN and SCPN that send a dual backward projection from the dorsal subdivision of WT and Lmo4-cKO MC r . Compared with WT mice, there is a 49% reduction in the density of CPN that send a dual-projection (Fig. 6 E, F , solid arrowheads) ( p Ͻ 0.05). Similarly, there is a 51% reduction in the density of SCPN that send a dual-projection (Fig. 6G,H , solid arrowheads) (p Ͻ 0.05). Our CPN/BPN quantification was performed in layers II/III, whereas our SCPN/BPN quantification was performed in layer V, thus confirming our observations that BPN development is perturbed in both superficial and deep layers. Our labeling approach reveals that backward projections do not appropriately target the somatosensory cortex. Therefore, it is possible that Lmo4-cKO BPN misproject to non-somatosensory regions or fail to project altogether. Overall, the dramatic ϳ50% reduction of backward projections across multiple subtypes indicates that Lmo4 is required for the appropriate development of MC r -specific CPN and SCPN dual connectivity.
Together, these data reveal that Lmo4 is a critical postmitotic control over the development of projection neuron diversity in MC r . In the absence of Lmo4 function, the molecular identity of MC r neurons is substantially disrupted, the diversity of their projection targets is reduced, and the complex associative connectivity of the neocortex is dramatically diminished.
Discussion
Here, we show that Lmo4 is required to establish projection neuron subtype diversity within the motor cortex. Lmo4 expression sharply delineates the MC r , which is populated by multiple related, but anatomically distinct, subpopulations. In the absence of Lmo4 function, the molecular identity of neurons in the MC r is disrupted. Moreover, the anatomical diversity of both SCPN and CPN populations is dramatically perturbed. Fewer SCPN exclusively target the brainstem, although more target the spinal cord, and many SCPN and CPN fail to send a dual backward projection (ϳ50% of each subtype). Therefore, Lmo4-deficient MC r projection neuron populations send axons to fewer target areas, resulting in substantially less associative connectivity and hodological diversity, with much more homogenous motor cortex output.
Lmo4 controls area-specific neuronal subtype diversity During development, Lmo4 expression is progressively sharpened along areal boundaries. Lmo4 has been reported to demarcate the dorsomedial subdivision of the frontal cortex, functioning in patterning programs downstream of transcription factors, such as Emx2, and morphogens including Fgf8 and Fgf17 (Cholfin and Rubenstein, 2007; . Loss of Lmo4 function perturbs the expression of regional cortical markers (Huang et al., 2009) .
Extending these findings, we identify important functions for Lmo4 in the area-specific molecular and anatomical development of projection neuron subtypes within the rostral neocortex. Two expression patterns highlight molecular perturbations in the Lmo4-cKO MC r . First, Lhx2 and Igfbp4 do not respect the boundary separating dorsal and medial subdivisions. Second, Igfbp5 and Clim1a fail to be expressed with the appropriate patterns.
Anatomical perturbations in the Lmo4-cKO MC r are broadly characterized by reduced projection target diversity. Lmo4-deficient SCPN largely target the spinal cord, instead of bifurcating into distinct populations that either exclusively target the brainstem or continue into the spinal cord. Most Lmo4-deficient SCPN and CPN send only a primary projection to subcerebral or contralateral targets, respectively, and thus fail to connect with ipsilateral sensory cortical areas through a second backward projection. This results in substantially reduced associative connectivity, thought to underlie integrative motor, sensory, planning, and cognitive functions.
It is interesting that the resulting anatomical phenotypes of projection neurons in Lmo4-cKO MC r resemble WT MC c projection neurons. Though the observed phenotypes probably represent a misspecification of boundaries within the MC r , rather than an ectopic expansion of MC c identity into MC r , it is possible, however, that MC c neuron identity represents a default pathway upon which Lmo4 acts to generate functionally specialized MC r subtypes. Alternatively, the MC r and MC c might contain complementary differentiation programs. In support of this idea, Bhlhb5-deficient CSMN do not reach the spinal cord, and instead stop in the brainstem , a phenotype complementary to Lmo4-deficient CBMN, which abnormally traverse through the brainstem into the spinal cord.
Notably, in contrast to morphogens and transcription factors that specify cortical area size and shape at the progenitor stage (O'Leary et al., 2007) , we find that Lmo4 is excluded from mitotic cortical progenitors during mid to late stages of corticogenesis, and, thus, its function is likely restricted to postmitotic neurons. However, it was recently shown that Lmo4 is a coactivator of neurogenin 2 (Ngn2) in developing cortical progenitors at earlier stages (Asprer et al., 2011) . Conditional removal of Lmo4 from postmitotic neurons, while leaving its progenitor functions intact, might clarify which aspects of cortical development are controlled by Lmo4 at progenitor and postmitotic stages.
Moreover, in addition to its restricted expression in rostral motor cortex, we show that Lmo4 is also expressed in more caudal neocortical areas. Given the roles we describe here, as well as other Lmo4-dependent aspects of cortical subtype differentiation (Kashani et al., 2006; Huang et al., 2009 ), it will be interesting to investigate potential developmental functions for Lmo4 in more caudal visual areas.
LIM-HD signaling during neuronal development
Combinatorial interactions between LIM-HD related proteins are important for neuronal specification and differentiation (Shirasaki and Pfaff, 2002; Gill, 2003) specificity Molyneaux et al., 2007 Molyneaux et al., , 2009 Azim et al., 2009) in the developing neocortex, suggesting that combinatorial LIM interactions might be important for cortical arealization and neuronal diversification.
Previous analysis has found that Lhx2 is expressed by CPN (Arlotta et al., 2005; Molyneaux et al., 2009) and that Clim1a and Lmo4 are transiently coexpressed in developing layer V, gradually segregating with postmitotic neuronal development into distinct projection neuron subtypes (Azim et al., 2009 ). Because Lmo4 is expressed by both SCPN and CPN in the MC r , it is ideally situated to interact with both Lhx2 and Clim1a during neuronal subtype differentiation.
We found that the transcription factor Lhx2 acquires a lateral-high to medial-low pattern of expression, complementary to that of Lmo4 at P7. In the absence of Lmo4 function, Lhx2 protein is ectopically expressed in the medial MC r and cingulate cortex. Because Lhx2 mRNA transcript is expressed normally in these medial areas, it is likely that Lmo4 exerts posttranscriptional repression over Lhx2 protein translation or stability. Drosophila Lmo regulates Apterous (Lhx2 homolog) by displacing it from a Clim protein complex, thus making it accessible to proteosome degradation (Weihe et al., 2001) . Though the role of Lhx2 in postmitotic neocortical development remains unknown, it is possible that suppression of Lhx2 expression in the medial MC r is important for projection neuron development, perhaps analogous to the required downregulation of Lhx transcription factors during spinal motor neuron differentiation (Kania et al., 2000; Sharma et al., 2000) . The exact mechanisms by which Lmo4 might interact with Lhx2 and Clim1a proteins remain to be identified.
Evolutionary specialization of rostral motor cortical circuits
Mammalian cortical areas differ greatly in relative size, cellular composition, and connectivity based on speciesspecific demands and constraints (Krubitzer and Kaas, 2005) . The evolution of rodent vibrissae appears to have produced specialized circuitry in the MC r that enables complex rhythmic movement of whiskers and, in turn, precise sensory abilities (Diamond et al., 2008) . CBMN, CPN, and BPN underlie critical activities of the vibrissal system (Brecht et al., 2004a; Maggiolini et al., 2007 Maggiolini et al., , 2008 Mao et al., 2011) , implicating Lmo4 in its development.
Cortico-brainstem circuits
Vibrissa motor output is directly controlled by CBMN that project from the vibrissa motor cortex (VMC) and monosynaptically connect with brainstem motor neurons (Brecht et al., 2004a; Grinevich et al., 2005) . The VMC is located in the dorsal subdivision of the MC r (Brecht et al., 2004b) , where Lmo4 regulates CBMN development (Fig. 4, Fig. 6 ). Though Lmo4 is expressed in layer Va but not layer Vb CBMN, intracortical micro-stimulation (ICMS) at all dorsoventral positions in layer V of the VMC evokes whisker movements (Brecht et al., 2004b) .
Our anatomical characterization of CBMN in the dorsal MC r suggests that they might use different mechanisms to achieve target specificity than do other SCPN. Most SCPN achieve target specificity by selectively pruning exuberant branches (Stanfield et al., 1982; Stanfield, 1985, 1986; O'Leary, 1987) . Our results reveal that axons of layer Va CBMN in the MC r do not innervate the spinal cord at P2, when layer Vb CSMN in the MC r have just begun to enter the spinal cord (Fig. 3) . Therefore, it is possible that these CBMN directly and specifically recognize their brainstem targets, rather than pruning exuberant spinal cord projections. Such a direct recognition system encodes the establishment of monosynaptic sensory-motor connections in the spinal reflex circuit (Pecho-Vrieseling et al., 2009) . It is interesting to speculate that the mechanisms underlying target selection might be different for cortical projection neurons that directly synapse onto brainstem motor neurons (cortico-vibrissa motor neurons; potentially also the small subset directly synapsing onto spinal motor neurons) versus those that target interneuron circuits.
Callosal circuits CPN have also been shown to functionally integrate into sensorymotor circuits by sharpening functional boundaries between vibrissal and forelimb regions within the MC r (Maggiolini et al., 2007 (Maggiolini et al., , 2008 . Moreover, it has been suggested that CPN, and in particular those with a dual backward projection, might coordinate the characteristic bilateral rhythmic whisking patterns of rodents (Veinante and Deschênes, 2003) . In the absence of Lmo4 function, our results reveal that MC r CPN remain, but no longer project to the same diversity of targets. Appropriate development of CPN diversity, like SCPN diversity, likely critically underlies the establishment of a broad motor repertoire.
Backward projection circuits
The integration of motor behavior and sensory input is particularly relevant to the rodent vibrissal system, because this system provides major sensory input, at the same time as it exhibits complex motor output. The MC r contains specialized intracortical circuits that underlie sensory-motor integration. The coordination of the dorsal premotor and parietal areas through long-range ipsilateral connectivity enables primates to integrate sensory and motor information, allowing them to execute coordinated and planned motor behaviors (Pesaran et al., 2006 (Pesaran et al., , 2008 . Recently, it was shown that BPN in rodents are functionally integrated in the sensory-motor loop between the VMC and somatosensory cortex (Mao et al., 2011) . We found that Lmo4 is expressed by multiple dual backward projecting neuronal subtypes that reside in the MC r , and that send projections terminating in somatosensory areas. Although the precise functions of these dual-projecting neurons has not been fully elucidated, they are likely involved in sensory-motor integration (Veinante and Deschênes, 2003) . Accurate decoding of sensory inputs by the somatosensory cortex requires real-time knowledge of the position and movement of sensory organs, such as whiskers and skin (Diamond et al., 2008; Curtis and Kleinfeld, 2009 ). Lmo4 ϩ backward projecting neurons, and in particular, the dual-projecting CPN/BPN and SCPN/BPN subpopulations, might be capable of controlling bilateral motor output, and simultaneously relaying information about position and movement to somatosensory cortex (Veinante and Deschênes, 2003; Ahrens and Kleinfeld, 2004; Mao et al., 2011) . We find that, in the absence of Lmo4 function, there is a substantial reduction in the number of BPN in the MC r , strongly suggesting that this arm of the circuit is disrupted in Lmo4-cKO mice. Consistent with this interpretation, previous studies have shown that Lmo4-deficient mice exhibit sensory-motor behavioral deficits (Huang et al., 2009 ). Thus, Lmo4 appears to be a central control over this evolutionarily emergent sensory-motor integration system. Together, our data reveal that Lmo4 establishes molecular and anatomical diversity of motor control projection neurons within the MC r . This diversity of neuronal connectivity centrally includes the development of dual projection neurons that integrate sensory and motor information within the same hemisphere and across hemispheres. Generation of the full repertoire of neuronal subtypes within the MC r is necessary for complex movements; thus, Lmo4 is critical for the development of cortical circuits that integrate and execute motor behavior.
